A single nanowire array on a chip with different materials of Palladium, Polypyrrole and Zinc Oxide has been fabricated using electrochemical deposition method. The fabricated single nanowire array has been demonstrated for highly sensitive and specific diagnosis of breast cancer by detecting four volatile organic compound biomarkers: Heptanal, Acetophenone, Isopropyl Myristate and 2-Propanol. The demonstrated sensing limits for Heptanal, Acetophenone, Isopropyl Myristate and 2-propanol using individual Palladium, Polypyrrole and Zinc Oxide nanowires were 8.982 ppm, 798 ppb, 134 ppm, and 129.5 ppm, respectively, and the corresponding sensitivities of resistance change were in the range of 0.3%-5% which indicated excellent sensing performance of the single nanowires. The response time for Palladium, Polypyrrole and Zinc Oxide nanowires to achieve maximum conductance change was less than 200 seconds while also illustrating excellent signal repeatability. With the principal component analysis of the resistance change versus time in each detection period of the nanowire array, the smell prints for the four volatile organic compounds biomarkers of Breast Cancer are discriminated in the 3-D plots.
INTRODUCTION
Breast Cancer is the second most common cancer among women in the United States. According to the latest survey, there were 207,090 women diagnosed with breast cancer and 39,840 women dying from it in the United States during 2010. Based on the National Cancer Institute's (NCI's) Black/White Cancer Survival Study, delays in diagnosis of 4 weeks or more were reported by almost 40% of women patients, and almost 25% of women patients reported delays in diagnosis of 8 weeks or more. 1 Early stage diagnosis and treatment are necessary and important for decreasing breast cancer mortality.
The normal techniques for the screening test of breast cancer are diagnostic mammogram, magnetic resonance imaging (MRI) and breast ultrasound. 2 Diagnostic mammogram which uses low-energy-X-rays for the examination is the most common and effective method for the diagnosis of breast cancer now. Special images known as cone or spot views with magnification are applied for making a small area of abnormal breast tissue to be easier to evaluate. However, the false negative and positive rates for X-ray diagnostic mammogram are still high which results in delay in diagnosis or unnecessary biopsy examination. Furthermore, the risk of getting cancer from diagnostic X-ray also exists. According to the research of González and Darby, 3 the diagnostic X-ray used in USA causes 1.0% of the cumulative risk of cancer to age 75 years in women, which corresponds to 3122 cases per year. In 1981, Doll and Peto' estimated that about 0.5% of cancer mortality in USA was due to the attribution from diagnostic X-ray. As supplementary techniques of diagnostic mammogram, MRI and ultrasound are also applied for the screening test of breast cancer. 3 magnets instead of X-rays. The energy of the radio waves can be absorbed by the body tissue and then released in a pattern by certain disease which translates into visual images. MRIs are applied for those women who have already been diagnosed with breast cancer as a diagnostic mammogram to have a better knowledge of the actual size of the cancer part and search for the presence of other cancers in the breast. However, the effectiveness of MRI is still unclear, while the time and expense are further concerns of MRI. Breast ultrasound is another technique using sound waves to outline part of the body. It is helpful for women with dense breasts and no radiation is involved. But, this is only used as a complimentary test with diagnostic mammograms. Since current techniques are performing high false rates and risk, an accurate and non-invasive diagnosis method is necessary for the screening test of breast cancer. Breath analysis is a fast, non-invasive, convenient and accurate method which utilizes the links between specific Volatile Organic Compounds (VOCs) and diverse medical conditions. The composition of VOCs in human breath has been investigated by many researchers. 4 5 Based on the relationships between specific VOCs and diseases, several applications have been developed by taking advantage of the detection of specific VOC in breath for the diagnosis or monitoring of various diseases. [6] [7] [8] [9] [10] Based on previous result of Phillips et al. five VOC biomarkers of breast cancer in breath were identified: Heptanal (Hep), 1-PhenylEthanone (Ace), Isopropyl Myristate (IM), 2-Propanol and 2,3-Dihydro-1-Phenyl-4(1H)-Quinazolinone. 11 12 The prediction for breast cancer using these five VOC biomarkers performs 93.8% sensitivity and 84.6% specificity in previous research.
11 12 Some patients with abnormal mammograms but no confirmed breast cancer on biopsy examination can be eliminated using the breath analysis of these five VOC biomarkers. Therefore, it is desirable to utilize the detection of these VOC biomarkers in breath test to develop a new sensing device for the diagnosis of Breast Cancer. The traditional method for breath analysis is using Gas Chromatography/Mass Spectrometry (GC-MS). 13 14 GC-MS is precise in identifying different VOCs and measuring their concentration in median level. However, since the concentration of the VOC biomarkers in breath is down to ppm or ppb level, the normal test using GC-MS is not able to complete accurate measurement and identification. Furthermore, complicated and expensive pre-concentration procedures are required for breast analysis based on GC-MS method, and the test time will also be extended.
Here we report a simple, cost-effective, sensitive and most importantly-accurate single-nanowire array sensor for the detections of various VOC biomarkers of Breast Cancer. A Nanowire sensor is ideal for biomarker sensing because of its high surface to volume ratio, surface interaction and conducting characteristics. [15] [16] [17] [18] [19] [20] [21] Due to high surface to volume ratio and nanoscale structure, the wires shows quick response and high sensitivity to biomarkers with comparatively low concentration. The interactions between VOC biomarkers and nanowires will lead to the conductance change of the nanowire which can be utilized as sensing feature for chemical and biomolecule sensing. In this report, a single nanowire array sensor on a chip for the detection of Breast Cancer VOC biomarkers was fabricated from electrochemically grown Palladium (Pd), Polypyrrole (PPy) and Zinc Oxide (ZnO) single nanowires. The electrochemical method produces consistent deposition results with no interference between the nanowires which enables the fabrication of a nanowire array on the same chip. Four Breast Cancer Biomarkers, including Heptanal (Hep), 1-Phenyl-Ethanone (Ace), Isopropyl Myristate (IM) and 2-Propanol were chosen as the target VOC biomarkers for the sensing application. The nanowire array sensor showed high sensitivity, good repeatability and low sensing limits to the four VOC biomarkers of Breast Cancer, and the required detection period was less than 5 min. The principle component analysis (PCA) results collected from the simultaneous sensing test showed excellent discrimination between the smell prints of four VOC biomarkers of Breast Cancer. These features indicated the capability of this nanowire array sensor to be developed as a real-time, accurate and cost-effective sensor for the breath analysis of Breast Cancer or other disease in the future. In addition, it is a promising replacement of traditional diagnosis method for Breast Cancer.
EXPERIMENTAL DETAILS
The Ti/Au electrodes were fabricated on 4-in (100 mm) Si wafer using optical lithography and electron-beam (e-beam) evaporation. The unwanted Ti/Au was removed using a lift-off process, while the remaining parts were used for growth of single nanowires and became the contact electrodes for single nanowire sensors. After lift-off, 100 nm thick PMMA layer was spin-coated on the surface of silicon wafer and 100 nm-wide channels were patterned using e-beam lithography. After photoresist development, nanochannels with width of 100 nm were formed between two Ti/Au electrodes. It was noted that narrow nanochannels with less than 100 nm width can be formed according to e-beam lithography process, and single nanowires with diameters smaller than 100 nm could be grown within nanochannel patterns. We use small slices (1 cm × 1 cm) for electrochemical deposition of single nanowires through nanochannels between the electrodes. One Si wafer was designed to contain 70 chips, and each single chip had 16 pairs of electrodes.
The electrochemical deposition process of single nanowire growth within the nanochannel was performed using probe station. First, connect two probes with the two working Ti/Au electrodes on both sides of the nanochannel. Then, a drop of electrolyte solution was placed on top of the nanochannel using micropipette. With the two landed probes connected to a semiconductor analyzer (Agilent B150), a constant DC current was then applied to the pair of electrodes with the value of 400 nA, 700 nA and 700 nA for Pd, PPy and ZnO nanowire growth, respectively. The voltage signal across the pair of electrodes was monitored during the growth. Once there was an obvious large drop to zero potential of the monitored voltage signal, the nanowire was formed successfully inside the nanochannel and naturally connected between source and drain electrodes. The applied current would be stopped in a few seconds in order to stabilize the conductance of the nanowire and prevent extra growth. The uniform property of the nanowire and the excellent precision of the electrochemical deposition method have been verified through a transmission electron microscopy (TEM) picture of the nanowire with diameter of 100 nm after the fabrication in Figure 1 . All the Pd, PPy and ZnO single nanowires were fabricated separately in parallel on the same chip using the electrochemical deposition method described above. In order to connect the chip with an external circuit, the chip with grown nanowires was attached to a 44-pin chip carrier. Then wire-bonding process using a manual wedge wire-bonder (Kulicke and Soffa INC.) was applied to connect the Ti/Au bonding pads (400 m × 400 m), to the pins on the chip carrier. After that, the chip carrier with the nanowire chip was plugged into a PLCC socket with 44 output pins. The developed VOC biomarker sensing system in this research is shown in Figure 2 . The sensing system was controlled by Labview and included two gas lines with a MKS flow control system (MKS Multi Gas Controller 647C, MKS Instruments Inc., USA), one plastic gas chamber with inner size of 29.4 mL, current amplification instrument (Keithley 428 Current Amplifier) and the data acquisition system. One gas line was directly plugged into the gas chamber with pure N 2 as dilution gas, while the other gas line passed through a type of VOC biomarker chemical solution first using N 2 as carrier gas before entering the gas chamber. The VOC biomarker gas would be mixed with dilution N 2 in the gas chamber at room temperature. By setting a proper ratio of flow rates between dilution N 2 and carrier N 2 , any desired concentration of target VOC biomarker gas was obtainable within the limit of the control system. By altering the VOC biomarker chemical solution connected with the carrier N 2 gas line, the single nanowire sensing tests for all four VOC biomarkers were completed. Here, N 2 was taken as the dilution gas, carrier gas, and purging gas at the end of each detection period to reset the sensing environment. N 2 was chosen because there is no physical or chemical interaction between N 2 and Pd, PPy and ZnO nanowires.
In order to detect the conductance change of the single nanowire during the VOC biomarker sensing test, a constant DC voltage (13.6 mV) was applied to the individual devices via a current amplifier, while the current was monitored and amplified into a voltage signal. The sensing chamber was initially filled with pure dilution N 2 to clear the existing gas in the chamber and stabilize the conductance of the individual nanowire. After the resistance of the nanowire was stabilized as a constant reference value, the gas line with carrier N 2 was turned on, and the VOC biomarker gas then flew into the sensing chamber along with the carrier N 2 . The current through the individual nanowire was amplified and collected by the data acquisition system as shown in Figure 2 . The VOC biomarker gas flow was stopped after the detection period of 200 seconds. The dilution N 2 would clear the absorbed VOC biomarkers on the surface of the nanowire, and the resistance of the nanowire would be recovered to original reference value. The above steps were repeated for different concentration sensing tests. Finally, the collected data was converted into resistance change ratio R − R 0 /R 0 versus time. Here, R represents the resistance of individual nanowire during detection, and R 0 represents the initial resistance as reference value.
An additional control circuit shown in Figure 3 was added into the sensing system to perform simultaneous sensing test. A multiplexing circuit was inserted between the sensor chip in the gas chamber and the current amplifier. The circuit sequentially selects one of 3 nanowire sensors from the array and connects the selected sensor to the current amplifier with CMOS switch IC by turning on only one switch at a time. Figure 2 . Schematic of single nanowire sensor sensing system including two gas lines with a MKS flow control system (MKS Multi Gas Controller 647 C, MKS Instruments Inc., USA), one plastic gas chamber with inner size of 29.4 mL, current amplification instrument (Keithley 428 Current Amplifier) and data acquisition system.
switch was generated using a function generator, binary counter IC, and 2:4 decoder circuit. The function generator drives the binary counter with repeating clock pulse. The counter is configured to generate binary number from 0 to 2 sequentially with the clock. Then the 2:4 decoder circuit, composed of several logic gate ICs, converts the binary number input into one selecting signal for the switch. This procedure was repeated automatically and the current through each nanowire type was collected simultaneously and continuously with time-multiplexing manner described above. The collected data was then converted into resistance value via LabView, and the specific value for each nanowire was separated by setting a different resistance range. Finally, Principle component analysis is employed to display the slope of the resistance change versus time during each detection period in this research. PCA is a well-known mathematical method for an orthogonal transformation to convert a set of observations of possible correlated variables into a set of values of linearly uncorrelated variables. 21 PCA analysis offers an effective tool to compress the data by reducing the number of dimensions and eliminating the redundant information without losing much information. 21 By using PCA for the nanowire array sensing, the sensing signals for different VOC biomarkers were successfully separated in 3-D plots. Compared with the PCA sensing database of the single nanowire array, the target VOC biomarkers can be identified through the The single nanowires were exposed to each concentration of the VOC biomarkers for 200 seconds which was taken as the detection period. As illustrated in Figure 4 , the resistance increased gradually along with the afflux of VOC biomarkers due to the absorption onto the nanowire surface. When the VOC biomarkers were pumped out, the resistance decreased rapidly at the beginning and ultimately returned to the reference value. From the curves in Figure 4 , the response time of the single nanowires increased with decreased VOC biomarker concentration because the decreased concentration slowed down the diffusion rate of gas molecules on the nanowire surface. Besides, the last test period with ratio of flow rates of 500:5 performed expected sensitivities compared with the test period with ratio of flow rates of 500:6 and 500:4, which indicated the excellent repeatability of the single nanowires without degradation during the sensing tests. Also, as shown in Figures 4(a) The sensing mechanism for the nanowires versus VOC biomarkers is normally explained with doping or dedoping effect. Here, the sensing mechanism of PPy nanowire versus four VOC biomarkers of Breast Cancer is introduced in detail. Since most of VOCs are not reactive at room temperature, it was difficult to detect them by their chemical reactions with conducting polymers. However, they might have weak physical interactions with the sensing polymers, to produce either absorption or swelling of the polymer nanowires. 22 According to the model developed by Hwang and Lin based on Langmuir isotherm, [23] [24] [25] active sites for VOC absorption were disputed on the surface of the conductive polymer nanowire. The overall resistance of the nanowire was taken as m resistances of R in parallel and each R was considered as n resistances of r 0 in series as shown in the following equation. Here, m, R, n, r 0 represented the number of conduction paths, the resistance of one conduction path, number of active site in one conduction path, and the resistance of original active site.
When VOC biomarker gas was injected into the chamber, some of the VOC molecule would be absorbed onto the active sites. Due to the doping and dedoping effect, these four VOC biomarkers would donate electron as electrondonator when they were absorbed onto the active site. Since PPy nanowires are considered as a p-type conductive polymer, the doping level was decreased and the work function was increased during the exposure as shown in Figure 5 . Finally, the partial resistance of the active site with absorbed VOC molecule would be increased to r 1 . The site coverage of absorption was represented by . Therefore the resistance R would be:
As a combination of the empty and occupied active sites, the overall resistance of the PPy nanowire would be increased. For different VOC biomarkers, the site coverage of absorption and the extent of dedoping effect would be different. Therefore, the resistance change and the sensitivity are distinct for different VOC biomarkers. Since the physical absorption was dominant between PPy nanowire and VOC biomarkers of breast cancer, the absorbed VOC molecule would be able to be desorbed by the dilution Figure 5 . Sensing mechanism expression of PPy nanowire versus VOC biomarkers with the structure and the dedoping effect before and after the absorption of VOC on the active site of the conductive polymer nanowire.
N 2 . Hence, the doping level of the conductive polymer would be recovered to original level. This desorption of the biomarkers was evidenced by resistances returning to the original level when biomarker gases were turned off. This sensing mechanism was applied for all four VOC biomarkers of Breast Cancer detected in this research. As illustrated in Figure 4 (d), the highest concentration sensing test for 2-Propanol shows different sensing curves compared with other VOC biomarkers. The suspected reason for these phenomena might be the chemical reaction between 2-Propanol and the nanowire. The swelling effect between 2-Propanol and the conductive polymers was also suspected as another significant factor for the abnormal sensing feature. 23 For pure conductive polymer, due to the swelling effect, inserting analyte molecules into the conductive polymer nanowire generically increases interchain distance, which affects the electron hopping between different polymer chains. This is controlled by the vapor molecular volume, and the affinity of the vapor to the sensing polymer and the physical state of the polymer. Both the chemical reaction and the swelling effect would lead to the permanent change of the composition and structure of the nanowire. Therefore, the resistance would not be able to be recovered to its original reference value in the case of 2-Propanol sensing.
To characterize the determining factors for sensitivity and specificity of Pd, PPy and ZnO nanowires, sensing test of single nanowires with different resistances versus IM using a single nanowire sensing system proceeded in the following step, and the results are shown in Table I . The detection period was applied as 200 seconds, and the ratio of flow rates between dilution N 2 and carrier N 2 was fixed as 500-1 with a concentration of 134 ppm. As described in the previous research, 26 due to the variance of the deposition parameters, the deposition result of nanowire growth leads to the differences in the nanowire structure and distinct resistances. The physical properties of the nanowire structure affect the sensing performance of the nanowire, and the sensing features of the nanowires will be different. Since the resistance reflects the feature of the nanowire structure, it is important and necessary to characterize the effect of resistance for the sensing result versus VOC biomarkers of Breast Cancer. As shown in Table I , the Pd nanowire with resistance of 1,055 performed sensitivity of 0.50% which was 50 times of the sensitivity of the Pd nanowire with the resistance of 184 . Besides, the PPy nanowire with the resistance of 1,300 showed higher sensitivity compared with the PPy nanowire with resistance of 7,824 . Therefore, the variance of the resistance and structure will definitely affect the sensing feature of the nanowires, and the resistance range around 1 k might be the effective conductance range with better sensing performance for Pd and PPy nanowires. As a result, the deposition process required being consistent and the resistance of the nanowire should be limited within the effective range around 1 k -2 k in order to achieve better sensitivity. For the specificity characterization, the best sensitivities for each kind of nanowire were taken into comparison. The compared result showed that Pd nanowire produced the highest sensitivity of 0.50%, while PPy and ZnO nanowires showed sensitivities of 0.29% and 0.26%. The obvious difference of the sensitivities indicated the excellent specificity of Pd, PPy and ZnO nanowires which can be utilized to develop single nanowire arrays to discriminate the VOC biomarkers of Breast Cancer.
In order to test the performance of different nanowires simultaneously, and to develop the nanowire array sensor on a chip for the detection of VOC biomarkers of Breast Cancer, all three different materials of nanowires were deposited as a nanowire array on the same chip and tested using simultaneous sensing system. By using the additional control circuit, Pd, PPy and ZnO nanowires were connected to the current amplification instrument concurrently, and the sensing signals were collected simultaneously. The ratios of flow rates for the detection periods of 200 seconds varied from 500-10 to 500-1 which was applied for single nanowire sensing tests. The sensing curves for the nanowires versus VOC biomarkers were the same as the results during the single nanowire sensing test as shown in Figure 4 . The slope of the resistance change versus time was calculated and applied for PCA analysis. Figure 6 shows the experimental results of a 3-D dimensional plot using PCA analysis. Here, the data point in the same color represents the same VOC biomarker, and different points with the same color represent different concentrations. To clarify the sensing data for different concentration tests, the size of the data point with lower concentration is larger than the one with higher concentration. The variances possessed by the principal components were 73.25% (PC1), 22% (PC2), 4.75% (PC3), and all the sensing information from the nanowire array sensor is applied. As illustrated in Figure 6 , with different angle of view, the clustering of data points in the same color was desirable because the data points representing the same target gases tend to occupy specific areas as smell prints on the PCA plot, and different smell prints should not merge. Another simultaneous sensing test was completed with fixed concentration of four VOC biomarkers in order to further identify the specificity of the single nanowire array. By applying different ratios of flow rates, the same concentration of four VOC biomarkers in the range of 107.19 ppm-267 ppm was achieved. The applied detection period was kept as 200 seconds and the calculated slope of resistance change versus time was applied for the PCA. The PCA results were shown in Figure 7 and colors for four VOC biomarkers were the same as Figure 6 . As expected, the smell prints matched the previous simultaneous test. By four VOC biomarker smell prints were distinguishable in the same low concentrations. Both simultaneous sensing tests indicated success in specifying individual smell prints for four VOC biomarkers of Breast Cancer down to a ppb concentration level. Therefore, this single nanowire array consisting of Pd, PPy and ZnO nanowires is promising for the application of real time diagnostic sensing test of VOC biomarkers in human breath.
CONCLUSIONS
Nanowire array sensors with Pd, PPy and ZnO nanowires fabricated in parallel on a chip was successfully demonstrated using electrochemical method. Our results indicated that rapid response during the detection period for four kinds of VOC biomarkers of Breast Cancer in low concentration was feasible, and no pre-concentration procedure was required. The sensing limits for the nanowire array sensor were around 1 ppm-100 ppm, which were close to the normal concentration level of VOC biomarkers in human breath, and the sensitivities for the sensing limits were around 0.3%-5.0%. The smell prints for four VOC biomarkers of Breast Cancer were completely separated after PCA of the simultaneous sensing data, which indicated great specificity of this single nanowire array sensor. The sensing results of this single nanowire array sensor showed great sensitivity, reproducibility, specificity and high accuracy. Also of note, the electrochemical deposition procedure was simple and consistent, and the sensing test was able to be completed within 5 min in real time sensing process. All these features of the single nanowire array sensor indicate the great capability as a replacement for the diagnosis of Breast Cancer and bright economic future for real commercial application.
